Abstract. Deeper understanding of processes of protein misfolding, aggregation, formation of oligomers, protofibrils, and fibrils is crucial for the development of future medicine in treatment of amyloid-related diseases. While numerous reports illuminate the field, the above processes are extremely complex, as they depend on many varying parameters, such as the peptide concentration, temperature, pH, presence of metal ions, lipids, and organic solvents. Different mechanisms of amyloid fibril formation have been proposed, but the process of the oligomer−to−fibril transition is the least agreed upon. Our studies of a number of amyloidogenic proteins and peptides (insulin, A␤ peptides, the Bgl2 protein from the yeast cell wall), as well as their amyloidogenic fragments, have allowed us to propose a model of the fibril structure generation. We have found that the main building block of fibrils of any morphology is a ring-like oligomer. The varying models of interaction of ring oligomers with each other revealed in our studies make it possible to explain their polymorphism. Crucially, the amino acid sequence determines the oligomer structure for the given protein/peptide.
INTRODUCTION
The number of known diseases associated with an aberrant folding of proteins-amyloidosis-has been growing steadily over the past 30 years. They, in particular, include many neurodegenerative conditions, such as Alzheimer's disease, Parkinson's disease, Huntington's disease, frontotemporal dementia, and amyotrophic lateral sclerosis, as well as type 2 diabetes. Seemingly, amyloid depositions may occur in any human tissue. It has been established that aberrant protein folding leads frequently to aggregation and generation of fibrils, which at the permissive concentrations form large associations in the form of plaques. But being at the center of attention, solving the problem of fibril formation, and deciphering the mechanism of amyloidogenesis, has been hampered by high polymorphism displayed by the amyloid fibrils. Under similar conditions, the same protein/peptide can form fibrils of varying morphology, which results in the fact that different laboratories actually study different polymorphs. Moreover, samples of the same protein from different sources (for example, from different patients), or those obtained through different methods of sample preparation, exhibit morphologically different fibrils. While the main aim in studying the mechanism of fibril formation is the search for the factors which trigger the process, to be able potentially to prevent it, of great importance are all stages of generation of elongated polymers from native monomers and into mature fibrils.
Despite the huge number of articles devoted to studying different proteins and peptides, there is no clarity in understanding the molecular level mechanism of fibril formation. Moreover, much attention is focused on studying not only the structure of mature fibrils but also different intermediate states of protein aggregation, including oligomer forms. In this case, not only the structure of different oligomer derivatives is studied, but also their interconnection with disease symptoms. Abundant literature data show the toxicity of oligomer samples from small oligomer formations (dimers) to large supramolecular complexes (annular pores) [1] [2] [3] [4] [5] [6] [7] [8] . Indeed, a large number of recent studies clearly show that A␤ oligomers are the initiating and pathologic A␤ species causing Alzheimer's disease and that neither A␤ monomers or fibrillar A␤ (insoluble A␤) are toxic/pathogenic [9] [10] [11] [12] [13] [14] . This allows development of high resolution biological models of protein conformational changes upon amyloid formation.
HOW ARE MOLECULES POLYMERIZED TO FORM FIBRILS?
The cross-␤ structure of amyloids (the "pleatedsheet") was first revealed in 1968 using the X-ray diffraction analysis of amyloidosis-affected liver and spleen tissues [15] . Since then, X-ray diffraction has become one of the main methods for studying amyloid structures, together with EM visualization, interaction with ThT, and birefringence upon interaction with Congo red. Using X-ray diffraction, it was demonstrated that the presence of the cross-␤ structure is a common feature of amyloids [10] [11] [12] .
The cross-␤ structure suggests that fibrils possess a morphology where the polypeptide chain is organized in such a way that ␤-layers are formed stretching parallel to the fibril long axis at a distance of about 10Å from each other. These ␤-layers are formed of ␤-strands located at a distance of about 4.7Å from each other and perpendicular to the fibril long axis. The deciphering of amino acid sequences of first amyloidogenic peptides and proteins [19] gave rise to advanced studies of many proteins/peptides associated with different types of amyloidosis, and, ultimately, to revealing the mechanisms of fibril formation. This has led to the development of a number of models of arrangement of ␤-sheets in a fibril, and also to creation of a variety of models of fibril formation. Varying descriptions of fibril formation for different proteins/peptides can be found in literature, with particular models being associated with each object of studies (e.g., insulin, amyloid-␤ (A␤) peptide and its multiple fragments) [20] [21] [22] . Subsequently, no common model of the three-dimensional structure of amyloids currently exists [23] .
It is generally believed that fibrils can: 1) be formed of a varying number of filaments (from 2 to 6); 2) associate with each other laterally forming bands of different widths; 3) twist and form bundles of varying diameters; and 4) associate and thus form bundles. The propensity to polymorphism is a general feature of all studied amyloids, being observed not only upon changes in the conditions of fibril formation (pH, ionic strength, temperature), but also under constant conditions. It has been noted that in all amyloid fibrils the diameter of the thinnest polymers is about 10 nm, while their length can reach several micrometers. The question arises: how do the amyloids maintain the typical cross-␤ structure and similar average parameters, while their amino acid sequences, and the corresponding anticipated ways of the tertiary structure formation are quite different? Besides, taking into account the simplified scheme of fibril formation (destabilized monomer −→ oligomer −→ mature fibril), the main unexplained moment in all models is transition from oligomers, frequently possessing a ring-like structure, to fibrils.
THE KEY ROLE OF OLIGOMERS IN THE AMYLOID FORMATION SCENARIO
Oligomers are invariable participants in the process of generation of fibrils (Fig. 1) . Studying of many published EM images (even when not mentioned by the authors) reveal ring-like oligomer particles of about 10 nm in diameter [24, 25] . It should be noted that electron microscopy (EM) and atomicforce microscopy (AFM) images found in different publications show oligomer particles similar to that of thin fibrils, and often possessing a cavity in the middle, i.e., they are ring oligomers [24] [25] [26] [27] [28] . But even if the authors of the publications pay attention to oligomer structures, they rarely assign to them a role in the fibril formation, through their association into elongated polymers. Nevertheless, Nielsen [29] describes the use of the EM method for studying the process of fibrillogenesis of A␤ peptide. A new mechanism of ␣-synuclein fibril formation was discovered [30] , according to which a [40] , bundles of different diameters (AspNB) [40] and films (A␤ [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] ) [72] are formed. In the chaotic interaction of ring oligomers fibrils with a rough surface are formed (A␤ 42 R) [36, 38] .
fibril is formed through association of pre-formed oligomer granular structures as a growing unit. In various publications, EM and AFM images frequently show rounded oligomers of approximately the same diameter as that of thin fibrils, the oligomer particles often having an internal cavity, which indicates that they are ring structures [18, 22] . A number of models has been proposed for the process of assembling of amyloid fibrils, in which the interaction of oligomer particles in different ways leads to formation of elongated polymers of various amyloid proteins [18, [25] [26] [27] [28] [29] . Our own studies of different amyloidogenic proteins (insulin, A␤ peptides, and their fragments, amyloidogenic fragments of Bgl2 protein) show that at the beginning of fibril formation a large number of oligomer ring-like structures is observed as well as a small number of short thin fibrils with a diameter comparable to that of oligomers [36] [37] [38] [39] [40] . As the time of incubation increases, the fraction of oligomer particles decreases, fibrils grow to several micrometers in length, and fibrils of different morphologies are formed. At a high enough magnification, it is possible to see that fibrils are formed from the ring oligomers associated in various ways, which would explain polymorphism of fibrils formed under the same conditions. When the conditions change, some new forms of fibrils can appear. This could also be explained as changes in the way of fibril formation of the same structure blocks (oligomers) under new conditions. Moreover, the apparently similar average diameter of thin fibrils observed for most amyloidogenic small proteins/peptides (about 10 nm) might be the reason for the oligomeric nature of formation of fibrils of different peptides. Nonetheless, every peptide exhibits some peculiarities upon oligomer formation. The diameter of oligomers, their height and internal diameter of the ring, as well as the number and way of packing of molecules within oligomers, can vary [36, [38] [39] [40] . It becomes evident how important it is for correct interpretation of the experimental data obtained with EM methods to consider the role of X-ray diffraction (sample preparation and analysis of the diffraction patterns), solid-state nuclear magnetic resonance (ssNMR), as well as final revision of the results using the methods of theoretical biophysics and bioinformatics.
ELECTRON MICROSCOPY OF A␤ 1-40 AND A␤ 1-42 AMYLOID FIBRILS
Peptide fibrils seem to consist of two filaments which can be twisted with a different period. However, at a large magnification, it can be seen that the finest fibrils consist of rounded ring oligomers (Fig. 2) . These ring oligomers have the diameter of about 8-10 nm and frequently interact with each other, either ring-to-ring, or more frequently ring-on-ring with some shift. A similar way of fibrils formation was reported earlier, when a fibril is generated through interaction of some globular structures (oligomers) [29] . The same observations were also reported in a later publication [41] . Upon staining with uranyl acetate, the staining agent might fill the holes in ring oligomers, and at low magnification it would appear as if fibrils were generated from two filaments. In addition to fibrils with the diameter of up to 10 nm, fibrils of a larger diameter are also seen for both peptides: up to 15 nm for A␤ , and between 15 and 35 nm for A␤ . Such structures could have formed as a result of association of the ring oligomers with each other in a disorderly manner. This mode of fibril formation leads to generation of fibrils of varying diameters. Corroborating this idea, time-lapse AFM studies [42] allowed observing how the sides of early fibrils pick up oligomers through lateral interactions, thus making fibrils thicker. In the case of A␤ peptide, the diameter of mature fibrils varies greatly, while their surface appears very rough. It is interesting that for the synthetic A␤ 1-42 peptide the roughness of its surface is more characteristic. As seen in Fig. 4 of Dovidchenko et al. [43] , A␤ has a propensity for fibril branching, which is a characteristic of the synthetic A␤ 1-42 peptide previously noted by Suvorina et al. [44] . Thus, we propose that thickening of fibrils can occur concurrently with their lengthening, because this is more plausible than the search for a partner (filament-to-filament) in solution. Based on the above, we suggest that generation of fibrils of A␤ peptides takes place according to a simplified scheme: a monomer −→ a ring oligomer −→ a mature fibril, consisting of ring oligomers (see Fig. 2 ). Using the EM method, we have therefore demonstrated that fibrils of these peptides are formed by association of rounded ring structures. Negatively stained transmission electron microscopy images of fibrils extracted from Alzheimer's disease brain tissues [39] are very similar to our EM results. Moreover, similar structures were described by Lashuel et al. [41] . Looking at the historical chain, it will be found that in situ amyloid fibrils appear to be composed of roughly globular subunits: the structure could consist of a series of stacked disks where each disk might consist of five prime subunits arranged in a pentagon [26] . Fifty years later we have obtained the same picture which reveals that the amyloid structure in vitro has a ladder-type arrangement of ring-like oligomers [26] .
DETERMINATION OF AMYLOIDOGENIC REGIONS INVOLVED IN AMYLOID FIBRIL FORMATION FOR A␤ 1-40 AND A␤ 1-42 PEPTIDES
Determination of regions responsible for aggregation of peptides and formation of amyloid fibrils is one of the primary aims in studying the formation of such structures. Knowledge of these regions will facilitate the choice of compounds interacting with the given region and thus preventing its aggregation. Therefore, in our study, one of the tasks was to determine amyloidogenic regions in amyloid fibrils formed by A␤ and A␤ peptides and to compare the data with the theoretical prediction.
As known, the core of an amyloid fibril is resistant to the action of proteases. Therefore, it is possible to suggest that regions of the polypeptide chain involved in the core of the amyloid structure will be protected from the action of proteases, while the other parts of the polypeptide chain will be cleaved by proteases. Fibrils formed by A␤ and A␤ peptides were treated with a mixture of proteases consisting of trypsin, chymotrypsin, and proteinase K. When proteolysis was terminated, the mixture was centrifuged [38, 45] . The cleaved peptides (not included in the core of the amyloid fibril) remained in the supernatant, whereas amyloid structures were precipitated. The precipitate was washed, dried in a vacuum concentrator, and dissolved in formic acid. The resulting peptides were separated by reversed phase chromatography and identified by tandem mass spectrometry. The data obtained was processed using the PEAKS Studio 7 program.
Thus, using mass-spectrometry we determined regions of the chain that are protected from the action of proteases in amyloid fibrils formed by the A␤ 1-40 and A␤ 1-42 peptides. We demonstrated that for the A␤ 1-40 peptide, amino acid regions 16-22 and 28-40 are protected from the action of proteases upon formation of the amyloid structure (Fig. 3) . These data are in agreement with the amyloidogenic regions (amino acid residues 16-21 and 32-36) in the sequence of the A␤ 1-40 peptide predicted by the FoldAmyloid program (http://bioinfo.protres.ru/fold-amyloid/) [46] (Fig. 3) . A more complicated distribution of protected regions of the chain is observed for A␤ . In some molecules, the regions from 16 to 20 and 26 to 42 amino acid residues are also protected, but in other molecules the whole peptide is inaccessible to proteases. These data agree with the EM data showing that the diameter of the A␤ 1-42 fibrils varies much greater (8-35 nm) as compared to that of A␤ 1-40 (8-9 nm).
SOLID-STATE NMR METHOD ENABLES CONSTRUCTING ATOMIC MODELS OF A␤ 1-42 AND A␤ 1-40
ssNMR possesses high resolution and reveals some essential details of pure fibers. On the other hand, the method requires highly homogeneous samples. So, in these studies we have refined the sample (in the seeding, reseeding, and other processes) to remove other polymorphic fibers. When it is reported that the fiber structure of one sample differs from that of another sample, it could be due to the variations in the sample preparation procedures. It should be noted that the structural model produced using ssNMR is based upon the algorithm that takes into account the distance constraints. The larger is the number of the distance constraints obtained, the smaller would be the number of alternative structural models which can satisfy these data. In cryo-EM studies and ssNMR different fibril growth conditions are used, therefore different models for amyloid fibrils can be constructed. Moreover, the chemical shifts in spectra for brain-seeded fibrils are significantly different from the shifts reported previously for fibrils grown in vitro [47, 48] , and, more importantly, the chemical shifts for brain-seeded fibrils from different patients with Alzheimer's disease (patient I and patient II) are also different [49] .
When ssNMR was eventually performed on fulllength A␤ and A␤ 1-42 fibers, these structures were found to be in an in-register parallel ␤-sheet pattern [50] . It was revealed in the ssNMR study that the secondary structure elements of protofibrils are more closely related to oligomers than to mature A␤ fibrils [51] . The core ␤-strand-turn-␤-strand unit is similar for fibrils formed from A␤ 1-40 and A␤ peptides. The side chain packing registry within the ␤-turn-␤ motif of A␤ fibrils is similar to that observed previously in A␤ 1-40 fibrils [47, 52] . The data are consistent with the previous studies showing that the A␤ 1-40 and A␤ peptides homogeneously mix in amyloid fibrils, suggesting that A␤ 1-40 and A␤ fibrils have the same structural architecture (Fig. 2) . Phe19 packs against Leu34 in the fibril conformation for both A␤ and A␤ peptides [47, 49, 51, 52] . The C-terminus is not accessible to proteases for both A␤ and A␤ 1-42 fibrils [38, 45] . This allows us to use the obtained structural model for A␤ fibrils [49] to construct a possible model for A␤ fibrils (see Fig. 4 ).
Such model is perfectly consistent with the calculated fibril nuclei sizes, i.e., the trimeric structure of A␤ 1-40 fibrils arises from stabilization of unstable dimer aggregates, where in the case of A␤ the trimeric unstable structure is stabilized by the 4-th peptide. To support this model, one can note the similar width of A␤ and A␤ 1-40 oligomers (Fig. 2) ; but A␤ 1-42 fibrils are slightly wider than A␤ 1-40 fibrils due to lower orderliness of the ring-like oligomers in A␤ 1-42 fibrils [36, 38] . As a direct consequence of the square structure, the fibril crosssection must have a hole in the center, which must be larger (∼3 nm) than that inside the triangular structure (∼1 nm). Such cavity within the oligomer structure is consistent with the X-ray data from which suggests the presence of a tubular cylinder with diameter of about 8.5 nm (Figs. 2, 5) .
It is very important to study the full length of A␤ or A␤ because the fragments of these peptides will have other structures of oligomers as reported earlier [53] . The in-register parallel ␤-sheet organization was found in A␤ fibrils, but some fragments of the A␤ peptide give fibrils with antiparallel ␤-strands [54, 55] .
INTERPRETATION OF X-RAY DATA IS AN IMPORTANT STEP IN THE MODELLING OF AMYLOID STRUCTURE
At present, no detailed interpretation of all reflections obtained by the X-ray analysis of amyloid preparations is available. But it is noted that a diffraction pattern can be affected by the way of alignment of amyloid fibrils (stretch frame alignment, alignment in a glass capillary, magnetic alignment, thin film alignment) [17, 53, 56, 57] , sample concentration [58] and purity, source and method of its obtainment [57, 59] . It was demonstrated that a well aligned preparation has a more complex pattern of clear reflections and yields much more information [57] . In the literature, the existence of additional reflections for amyloid structures is explained in different ways. And much attention is paid to separate meridional and equatorial reflections [17, 53, 56] . Accurate interpretation of X-ray diffraction reflections requires not only a high quality of the obtained diffraction patterns but also Arrows show individual primary oligomers or the protofibril core. PDB entry 2M4J was used for modeling [49] . Arg5-Glu22 inter-and Asp23-Lys28 intra-peptide salt bridges are present in the dodecamer structure, which is the building block of fibrils. Oligomers overlap in the same row and between the rows. The hydrophobic carboxyl-terminal sheet surface in fibrils from residues 26-40 (42) is screened by sheet stacking interaction with the same surface from adjacent fibril. Fig. 5 . Schematic representation of the arrangement of ring oligomers (the short tubular cylinders) in a fibril. These parameters correspond to a number of reflexes according to X-ray data [53, 56] . Equatorial reflexes are marked perpendicular, and meridional are parallel to the axis of the fibril. explanation of the fibril structure on the molecular level. Bragg spacings for fragments of the A␤ peptide are summarizes in Table 1 of Inouye et al. [53] . The meridional reflection at 53Å for A␤ indicates a periodic structure along the H-bonding direction. Models that could account for the low-angle meridional reflections in A␤ peptides 9-28 and 1-40 can be: (a) periodic arrangement of discrete objects along the fibril axis; (b) staggered arrangement of subfibrils; and (c) twisting of the fibril. Case (a) supports our model both for A␤ and A␤ [37, 38, 43] and for the short peptides of 10 residues long [40] having a ladder-type arrangement of oligomers (see Figs. 4 
and 5).
For fragment A␤ , a series of small-angle equatorial maxima were consistent with a tubular fibril having a mean diameter of 86Å and a wall composed of pairs of cross-␤ pleated sheets. The data may also be consistent with pairs of cross-␤ sheets that are centered 71Å apart [60] . A reasonable concurrence was obtained between the observed and calculated positions of the intensity maxima (Table 1 in [53] ) for either the tubular cylinder model or the slab-walls model and in which the fibril walls consist of pairs of ␤-pleated sheets.
X-ray diffraction pattern from A␤ was obtained in papers [53, 56] . The equatorial intensity maximum at 49.2Å is derived, rather, from cylindrically averaged interference between objects that are separated by a distance of 55Å. Namely this distance corresponds to our model (see Fig. 5 ). As the authors wrote, the 28-Å-wide tubular structure would be a protofilament of the fiber, but in our model this size of tubular structure corresponds to the size of the hole in the short tubular structure (oligomer) (Fig. 5) .
After 18 years, scientists forgot this very important data obtained from the X-ray analysis: the meridional reflection at 53Å and equatorial at 49.2Å for A␤ . It should be noted that equatorial reflection at 55Å was obtained for insulin also [61] . Now practically every month new models of A␤ fibrils are suggested [62, 63] . But to construct a relevant model it is necessary to use direct structural methods (X-ray with high resolution EM). The conclusion made by Perutz in his last paper is that the tubular cylindrical ␤-sheets are the only structures consistent with some of the X-ray and EM data [27] . He underlined that for A␤ fragment 11-25 optical reconstruction shows cylinders of 57Å in diameter with 37-Å-thick walls surrounding the central hole of 19.5Å in diameter.
HISTORACAL PATHWAY OF RECONSTRUCTION OF AMYLOID FORMATION
Provided our hypothesis is correct and the main structural block of amyloid proteins/peptides upon fibrillogenesis is a ring oligomer, it should be explained why previously the prevailing interpretations of the results and models did not actually consider the role of oligomers, while most of the attention was focused on the nucleation mechanism of fibril formation (incidentally, in this case a ring oligomer can be interpreted as a seed). We see from Economou et al. [64] that small A␤ oligomers act as seeds. All available models suggest the presence of several filaments in a fibril. Each filament has a cross-␤ structure on the molecular level. The cross-␤ structure of fibrils suggests that along the whole fibril and perpendicular to its axis there passes a ␤-sheet formed of ␤-strands positioned perpendicular to the fibril axis. Purely mechanistic considerations make this molecular structure disputable, because it cannot compellingly explain some main properties of fibrils, such as polymorphism, fragmentation, branching, spontaneous fibril breaking, and rejoining [65] . The discrepancies between H/D exchange and ssNMR results [66] , the presence of water in the holes of ring-like oligomers [27] , affinity of specific antibodies to protofibrils and oligomers [67] further exacerbate the explanations.
When did the conception of fibrils as structures formed of several filaments change? It began in the 1930s when the structure of polymers was studied [68] . In the mid 1950s, it was already established that proteins were polymerized with the formation of ␤-sheets which, in their turn, interacted with each other forming piles [69] . When investigations of tissues damaged by amyloidosis began (there were yet no names of corresponding proteins/peptides responsible for this, and the amino acid sequences of the studied peptides were not deciphered) with the use of the EM method, it became possible to obtain data on the structure of amyloids isolated from the deposits in the brain, spleen and liver tissues. Thus, for example, the studies of components isolated from fibrous formations of brain tissues from Alzheimer's disease patients (A␤ peptide) allowed obtaining valuable data on the structure of amyloids using the EM method [70] . However, the concept on the structure of polymers and the existence in some fibril formations of specific reflections for polymers [15] led to erroneous interpretations of the EM data. The EM images clearly show oligomer structures with a diameter coinciding with that of thin fibrils. But the fibril images were interpreted as polymers with a diameter of about 75-80Å, consisting of 5-6 amyloid protofibrils lying parallel to each other along the fibril axis, and having the diameter of about 25-35Å. In the cross section of a fibril, such packing is seen as a ring structure, the internal diameter of the ring being about 15-20Å [70] . Surprisingly, it is possible to see exactly the same morphology of A␤ peptide fibrils using the EM method [36] [37] [38] 44] . However, the knowledge accumulated during the recent years and the remaining unsolved problems of the structure organization as well as our data on amyloid peptides and their fragments allow us to propose another view on the process of fibrillogenesis, and the structural organization of amyloid fibrils. After destabilization of amyloid proteins/peptides, ring oligomers are formed of monomeric molecules. Varying association of these oligomers with each other (ring-to-ring, ring-to-ring with some overlapping, and probably ring-on-ring or ring-to-ring in a random way) provokes generation of fibrils. In this case, the main structural elements of fibrils are ring oligomers of varying morphology (ring parameters, the number of protein/peptide molecules within an oligomer). Such organization of fibrils explains the complex diffraction pattern of both polymorphism of fibrils and their ability to branching and fragmentation upon external influence. Our explanation does not conflict with the data of the X-ray analysis, because the ring oligomeric structures according to our model contain both ␤-strands and ␤-sheets. Importantly, in such organization of fibrils the amino acid sequence itself determines the oligomer structure for the given protein/peptide.
CONCLUSION
An opinion exists that upon future development of some therapeutic agents for treatment of amyloidosis, a personalized approach will be required in each case, because the fibril formations can differ morphologically between patients [71] . In connection with this, the unified way of formation of fibrils from oligomers, which we have discovered, could facilitate development of relevant fields of medicine of a generalized mode of action. However, we believe that the key attention should be focused not on the processes of polymer formation in the form of fibrils, and not even upon oligomer aggregates, but rather on physiological, hereditary and other possible causes leading to destabilization of native protein/peptide molecules, thus triggering the process of fibril generation. Therefore of great importance are bioinformatics approaches for revealing amyloidogenic regions in problematic proteins/peptides, experimental approaches for studying different mutant forms of the latter-occurring in patients with hereditary amyloidosis, as well as in experimental models. Such multi-discipline studies will shed more light on the problem of amyloidosis treatment at the molecular level, involving the known and not yet well understood mechanisms of cell self-healing, with participation of molecular chaperons, degradosomes, and other intracellular systems. It is also important to compare the processes of fibril formation with the mechanisms of molecular self-assembly, as well as the functioning of a number of cytoskeleton components, which can be considered as variants of physiological amyloid structures, together with numerous examples of physiological amyloid structures, such as those in secretory granules of the endocrine system, or in biofilms of yeasts and bacteria.
